I. Introduction
Recently it is drawing more and more attention to investigate nanometer scale phenomena and micro-joining process by computational approaches. The main functions of computational approaches are to interpret experiments, find governing rules and predict materials properties. The embedded atom method (EAM) 1 2) is based on density functional theory (DFT), and is a semi empirical many-atom potential for computing the total energy of a metallic system. The modified embedded-atom method (MEAM) 3 5) , developed by Baskes, et al., is an empirical extension of the EAM, initially introduced to describe covalent bonding in Si and Ge. The extension lies in introducing an angular-dependent term, which comes from the symmetry of electronic wave functions. EAM has been successfully applied to calculate the energy of surface and interface for many pure metals and alloys 6) . Moreover, it has also been used to simulate the metallic surface diffusion phenomena and given acceptable results 7) . The simulation of metallic atoms on the surface of Si by MEAM potential provides a tool to study the thin-film and coating problems of semiconductor 8) .
Although EAM and MEAM have achieved great success in the bulk and some non-bulk systems, they are still facing serious problems. In some cases of applying them to surface, the results are apparently different with the experimental results 9) .
Furthermore whether it can be competent in cluster system is also unpredictable because of lacking powerful evidence. These limitations are commonly considered that the original theory and the derivation of its parameters are based on bulk system. Some attempts have been tried to improve the applicability of MEAM to non-bulk system by modifying the analytic form of the embedding function and relating parameters to both bulk properties and some non-bulk properties 10 11) .
In both EAM and MEAM theories, the reference structure, which played an important role in the model, is selected as bulk structure. Because of the great difference between bulk and nonbulk structure, it strongly indicates us to reconsider the reference structure to adapt to the surface and cluster properties. Takahashi, et al. proposed a new scheme of EAM, DR-EAM, in which the dimer structure is selected as a common reference structure for materials 12) . The dimer structure is selected because it is the limitation of non-bulk system and is relatively close to the cluster structure. Therefore, the DR-EAM is supposed to have better applicability to the cluster system, or even to the surface system.
Moreover the dimer structure, which is only composed of two atoms, is the simplest structure and its properties can be gotten from either experimental results or theoretical derivation. The dimer referencing also gives the simplest formalism in the calculation of total energy of multi-atomic systems and consequently it decreases calculation time.
In this work we renew the DR-EAM parameters of 7 kinds of FCC metals by revising the modeling system and including some experimental data of dimer. The features of their energy-distance curves are discussed. We calculate the vacancy formation energy, which plays an important role in the diffusion process and compare them with other simulations and experiments, if available.
II. Theory of DR-EAM
In the original interpretation of EAM, every atom is considered to be embedded in the electron background density constituted by all other atoms of the system. The energy of the Embedded atom method (EAM) has been successfully applied to investigate surface properties and simulate diffusion phenomena, which do a great help to study micro-joining process. However, because its theory and parameterization are based on bulk system it fails in solving some problems of non-bulk system. In order to increase the applicability of EAM to non-bulk system, a new scheme of EAM, DR-EAM is proposed. In this scheme, the dimer structure is selected as a common reference structure and the parameters are derived from dimer and some bulk properties. In this work, the DR-EAM parameters of 7 kinds of FCC metals are renewed by revising the modeling system and including some experimental data of dimer. The features of their energy-distance curves are discussed and it shows the need of including angular dependency of electronic density. The vacancy formation energies, which play an important role in the diffusion process, are calculated and compared with experimental data. studied atom is composed by two parts, the first part is the energy needed to embed the atom into the background and the second part is the correction for core-core repulsion. In this work, we obey the former formation so that the energy E of a system of single type atoms can be written as (1) (2) Here E i denotes the energy of atom i, which depends on its environment by means of the total pair potential i and the embedding function F. The distance between atoms i and j is denoted as R ij , and describes the actual pair interaction.
The embedding function F is performed in such a formation as following, (3) where A is a scaling parameter to be determined, - 
As the dimer structure is referenced here, it is easy to derive the pair potential into such a formation,
Where E dim is the binding energy of dimer and it can be described by Rose's universal function form,
Where R is the actual distance between atoms, and R 0 is the equilibrium distance of dimer structure. Exponential decay factor a is a parameter related to the bulk modulus.
Considering Eq. (3), Eq. (6), Eq. (7), the pair potential term can be obtained as a function of only distance.
When we take Eq. (8) and Eq. (3) into Eq. (1), we can obtain the energy equation as following.
From Eq. (8) and Eq.(9), we can see the formulism of DR-EAM is simpler than any other EAMs. The simple expression can decrease the calculation times and be effective to large scale models.
III. Determination of DR-EAM parameters
For DR-EAM there are five parameters introduced, the equilibrium binding energy of dimer E 0 , the equilibrium distance of dimer R 0 , the extent of many-body bonding A, the decay of electron density and the exponential decay factor a in Rose function. We determine them respectively by the following steps.
In the former research work 12) , the values of E 0 and R 0 are derived from calculational data. The reliability is suspect for some metals. In this work, we try to use experimental data as much as possible for a higher reliability. As for the metals that have no experimental data, we obtain them from density functional theory calculation. The LANL2DZ base set, proposed by Hay et al 16 17) is used in the calculations. This base set is obtained by using the approximation of effective core potential 
Gaussian98W program package 21) . As listed in Table 2 , the values of E 0 and R 0 of Cu, Au and Al are from experimental data, and the values of the other four kinds of metals Ag, Ir, Pt and Pd are from DFT calculations.
By now there are still three uncertain parameters A, , a and we determine them by fitting them to bulk physical properties, the sublimation energy E eq.str.0 , the nearest neighbor distance for a equilibrium structure R eq.str.0 , and the bulk modulus for equilibrium structure B. The relations can be written as the following equations.
Here V is the volume of the model we are considering. By solving these three equations, we can obtain the three parameters. In this work we set the error estimate of each equation lower than 10%.
During the process of determining parameters, how many layers we should consider within the model is an important point.
In the original EAM and MEAM, only the nearest one or two layers are considered for the reason of voiding complex calculation. In case of DR-EAM, we can consider as many layers as we want. However, according to our common sense, the interaction of farther layers atoms to the studied atoms is very small because of the relatively long distance and the screening function of other atoms. Since the dimer is selected as reference structure, we would rather determine the range of interaction from it. Figure 2 shows the curves of Rose function for Ag, Ir and Cu.
As can be seen from the Fig.2 , if we calculate the binding energy of two atoms with Rose function, the energy will almost decrease to be ignored when R/R eq.str.0 is near 3. The similarly results can also be found from the other 4 kinds of metals Pt, Pd, Au and Al.
Considering the simplification and wider applicability, we decide to limit the interaction within 3 times of equilibrium distance, where is usually within the nearest 10 layers' atoms.
The physical quantities and their error estimate used to determine the DR-EAM parameters are listed in Table 1 and the six DR-EAM parameters for the FCC metals are listed in Table 2 .
By using the parameters listed in Table 2 Table 1 Physical quantities and their error estimate used to determine the DR-EAM parameters for 7 kinds of FCC metals. The valuses listed are: the sublimation energy E eq.str.0 (eV), the nearest neighbor distance for a equilibrium structure R eq.str.0 (Å), and bulk modulus for equilibrium structure B (GPa). Table 2 DR-EAM parameters for FCC metals. The values listed are the the equilibrium binding energy of dimer E 0 (eV), the equilibrium distance of dimer R 0 (Å), the extent of many-body bonding A, the decay of electron density , and the exponential decay factor in Rose function a. atoms, totally including n (n=79 for FCC structure) atoms. There are enough atoms arranged outside of the studied atoms to keep a bulk situation. The unrelaxed vacancy formation energy is calculated at fixed super-cell size according to (13) where E (n-1,1) denotes the energy of a super-cell with n-1 atoms and one vacancy, and E (n,0) is the bulk energy calculated for n atoms at the equilibrium state. The change of volume is ignored here for simplification.
In and some other literature data available. As can be seen from 
Relaxed vacancy formation energy
We have calculated the unrelaxed vacancy formation energy.
However, the relaxed vacancy formation energy is more important, because it plays a key role in the formation and transformation of vacancy. We model the relaxation of vacancy in such a procedure. At first, we move the atom, which is the nearest neighbor to the vacancy, in the X direction to a position of locally stable. Then we move the atom in the Y, Z directions in the same manner. Next, we move another atom in the same process and repeat it for all atoms. After we have moved the last atom to the locally stable position, we return to the first atom and repeat the same operation until the positions of all atoms are fixed.
The results of the relaxed vacancy formation energy E r vf are listed in Table 4 
V. Conclusions
In this work we renew the DR-EAM parameters of 7 kinds of FCC metals by revising the modeling system and including some experimental data of dimer. The results show that DR-EAM can make a relatively good description of the energy curves for FCC metals. The problem of no apparent difference between HCP and FCC structures suggests the angular factors should be considered in this scheme. Although without considering the angular effect, the DR-EAM and its parameters can succeed in calculating the unrelaxed and relaxed vacancy formation energy for the FCC metals. It shows the applicability of DR-EAM to bulk system and its potential applicability to non-bulk system is also expected with future improvement. 
